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We report the evolution of superconducting properties with disorder, in 3 dimensional 
homogeneously disordered epitaxial NbN thin films. The effective disorder in NbN is controlled 
from moderately clean limit down to Anderson metal-insulator transition by changing the 
deposition conditions. We propose a phase diagram for NbN in temperature-disorder plane. With 
increasing disorder we observe that as kFl→1 the superconducting transition temperature (Tc) 
and normal state conductivity in the limit T0 (σ0) go to zero. The phase diagram shows that in 
homogeneously disordered 3-D NbN films, the metal-insulator transition and the 
superconductor-insulator transition occur at a single quantum critical point, kFl~1.  
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1. INTRODUCTION: 
The effect of disorder on superconducting properties of a material is one of the most 
challenging problems in condensed matter physics. In 1959 Anderson [1] proposed that the 
disorder arising from non magnetic impurities does not affect the superconducting properties. It 
was however understood later that Anderson theorem is only applicable for weakly disordered 
systems [2]. In case of strongly disordered systems, as the disorder strength increases, the Bloch 
states become localized and give rise to Anderson Metal-Insulator transition (MIT). Close to the 
MIT the superconductivity is controlled by the competition between the superconducting energy 
gap and the localization length (lloc). If the superconducting energy gap (∆) is larger than the 
energy level spacing (δε) of the confined eigenstates within a length lloc, the pairing of localized 
eigenstates is favorable and leads to local superconductivity on the scale of the lloc. Eventually 
through Josephson coupling between these localized superconducting regions, it gives a phase 
coherent superconducting ground state even in an insulating system. In this scenario, 
superconductivity persists in the insulating regime [3,4], as long as ( ) 10 3 >∆loclN , where N(0) is 
the density of states at Fermi level. Eventually, as the disorder is further increased the system is 
expected to undergo transition from a superconducting to insulating ground state. However there 
are some experimental evidences [5,6] that in many homogeneously disordered system the 
superconductivity is completely suppressed in the metallic side of the metal-insulator transition 
while the system is still a metal. It has been argued that [7] the suppression of Tc in the 
disordered metallic state can arise from the increase in electron-electron interactions due to loss 
of effective screening in the presence of disorder. The enhanced coulomb interaction competes 
with the electron-electron (e-e) attractive interaction in the Cooper channel leading to the 
destruction of superconductivity in the metallic state. 
Here we study the evolution of superconducting transition temperature (Tc) and upper 
critical field (Hc2) as a function of disorder in homogeneously disordered epitaxial 3D-NbN[8]. 
All the films are in the 3-D limit with thickness (>50nm) much larger than the dirty limit 
coherence length (ξ∼5nm). The disorder spans a large range from moderately clean (kFl~10) to 
the Mott limit of minimum metallic conductivity, i.e. kFl~1. In this system, we present evidence 
of a coinciding Metal-Insulator and Superconductor-Insulator transition as the disorder 
approaches kFl~1. In this range of disorder, we observe that the Ginzburg-Landau coherence 
length (ξGL) estimated from upper critical field (Hc2(0)) increases by a factor of 2 with increasing 
disorder in contrary to the expectation in the weak disorder regime where ξGL decrease with 
increasing disorder. 
2. EXPERIMENTAL DETAILS:  
Epitaxial NbN films were grown on (100) oriented single crystalline MgO substrates 
using reactive d.c. magnetron sputtering of Nb in Ar/N2 gas mixture. The effective disorder of 
these films was controlled by changing the sputtering power or the Ar/N2 ratio, which allowed us 
to grow films over a large range of disorder. Details of preparation and characterization of these 
samples have been reported in reference [8 ]. The temperature dependence of resistivity (ρ) was 
measured using standard four probe technique. To determine Hc2(0), we have measured 
resistivity in presence of magnetic field. The Hc2(T) was determined from ρ(T,H) versus T data 
taken at different applied magnetic field. Hall coefficient (RH) was measured using a standard 
four-probe ac technique on films patterned in Hall-bar geometry. RH was calculated from Hall 
voltage deduced from reversed field sweeps from +12 to −12 T after subtracting the resistive 
contribution. The thickness of the films was measured using a stylus profilometer. For each film 
kFl was determined from the ρ(285Κ) and RH(285K) using the free electron formula 
( ) ( )[ ]{ } ( )[ ]3/53/13/22 2852853 eKKRlk HF ρpi h= , where e is the electron charge.  
 
3. RESULTS AND DISCUSSION:  
 Figure 1(a) and 1(b) show the resistivity as a function of temperature and figure 1(c) 
shows the conductivity (σ) as a function of temperature  for a set of films with kFl ranging from 
kFl =1.24 to  kFl=10.12. The superconducting transition temperature, Tc, of the films is 
determined from the temperature at which resistance falls to 10% of its normal state value. All 
the films with kFl≤8.13 show a positive dσ/dT up to room temperature. Here we define σ0 as the 
d.c. conductivity just above Tc.  For films kFl≤8.13, σ0 is the minimum conductivity.  All our 
films show finite σ0 including the highest disordered film with kFl=1.24, indicates that all the 
films are in metallic regime.  
Figures 2(a) and 2(b) show the variation of Tc and σ0 as function of kFl for all the films. 
From the trend of variation of Tc and σ0 with kFl, it is clear that both Tc and σ0 are going to zero as 
kFl1. Thus the MIT and the SIT in this system coincides at a single quantum critical point, 
kFl~1. Based on Tc vs kFl and σ0 vs kFl data, we propose the phenomenological phase diagram in 
Figure 3. 
The nearly exact coincidence of MIT and SIT observed in NbN is intriguing. While 
superconductivity can get destroyed either in the insulating or the metallic side of the MIT 
depending on the relative contribution of localization and e-e interactions, so far no theory 
explicitly predict that these two transitions will coincide at a single point. Previous studies have 
indicated that both localization and Coulomb effect are present in our system [8]. While it is 
possible in principle for this coincidence to be purely accidental, such a possibility seems 
extremely unlikely. On the other hand a coinciding transition has also been observed before in 
epitaxial boron-doped diamond films [9]. All previous studies on strongly disordered 
superconductors have been performed on amorphous or granular films. It is therefore possible 
that homogeneously disordered epitaxial superconductors behave qualitatively in a different way 
compared to their granular/amorphous counterparts.  
Figure 4 (a) shows the ρ(H,T) as function of T for a film with Tc~4.2K at different 
magnetic field. Hc2(T)  is determined the ρ(H,T) vs T data where ρ(H,T) goes to 50% of its 
normal state resistivity just above Tc. Hc2(T) as function of T for a series of films is shown in 
figure 4(b). Since all our films are in the dirty limit, l<<ξGL, we have estimated Hc2(0) and ξGL 
from the dirty limit relation, [10] 
 
 
 
 Figure 4(c) and (d) show the variation of Hc2(0) and ξGL  as a function of Tc  obtained 
using equation (1). It is interesting to note that ξGL increases monotonically by a factor of 2 while 
Tc decreases by one order of magnitude. In case of weak disorder regime where Anderson 
theorem is valid, ξGl decreases with increasing disorder due to the reduction in electronic mean 
free path (l). In our case however, the BCS coherence length (ξBCS) itself increases due to the 
decrease in Tc. Therefore ξGl = (ξBCSl)1/2, is determined by a competition between ξBCS and l.  We 
have independently estimated  ξBCS from the measured superconducting energy gap(∆0) from 
tunneling measurement, Fermi velocity(vF) and electronic mean free path (l) using following 
dirty limit BCS relation, 
 
 
 
The calculated numbers reproduce the experimental trend while the estimated coherence 
length (ξGL) using dirty limit BCS relation is approximately twice the experimentally measured 
value for the respective disordered film. The relative insensitivity of ξGl to disorder is because 
the increase in ξBCS due to reducing Tc is partially compensated by the decrease in mean free 
path. 
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Further investigations on the superconducting properties show that for low disorder NbN 
follows the conventional BCS behavior [11,12]. However, as we approach the SIT the 
superconducting state is characterized by a gradual loss in the coherence peak in the tunneling 
density of states and a linear variation of the superfluid density with temperature over a large 
temperature range. The unusual behavior in tunneling density of states and superfluid density 
will be discussed in a future publication [13]. 
4. CONCLUSION: 
 We have established a phase diagram for homogeneously disordered 3 dimensional NbN 
films where MIT and SIT coincide at single quantum critical point, kFl~1. At this moment it is 
not clear whether this coincidence is merely accidental or has a deeper significance. We have 
seen that the coherence length (ξGL) monotonically increases with disorder in contrast with 
expected behavior from weak disorder limit.  
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Figure 1. (a) Resistivity (ρ) as a function temperature (T) for a set of films with kFl value, from 
kFl =1.24 to kFl =3.27. (b) Resistivity (ρ) as a function temperature (T) for a set of films with 
kFl value 3.27 to kFl =10.12. Note that the resistivity data for the films with kFl=3.27    is 
plotted in both figure 1(a) and 1(b). (c) Conductivity (σ) as a function temperature (T) for a set 
of films with kFl values from kFl=1.24 to kFl=10.12. 
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Figure 2. (a) Tc vs kFl for with  kFl~1.23 to 10.12, showing Tc 0 as kFl1; (b) σ0 vs kFl 
where σ0 is in log scale showing σ0 0 as kFl1. 
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Figure 3 Phase diagram of homogenously disordered epitaxial 3 dimensional NbN films. The 
Metal-Insulator transition (MIT) and Superconductor-Insulator transitions (SIT) coincide at 
a single quantum critical point, kFl ~ 1.  
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Figure 4. (a) Resistivity (ρ) as a function temperature (T) for film of Tc~4.92K in different 
magnetic fields. The successive magnetic field values are 0, 0.25, 0.5, 1, 1.5, 2, 2, 3, 4, 5, 6, 7, 
8, 9, 10 and 11T; (b) The upper critical field (Hc2) as a function of temperature (T) for series 
of films with different superconducting transition temperature (Tc). (b) Hc2(0) as a function of 
Tc ; (c) G-L Coherence length (ξGL) as a function of superconducting transition temperature 
(Tc). 
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